The evolutionary history of the human pygmy phenotype (small body size), a characteristic of African and Southeast Asian rainforest hunter-gatherers, is largely unknown. Here we use a genome-wide admixture mapping analysis to identify 16 genomic regions that are significantly associated with the pygmy phenotype in the Batwa, a rainforest hunter-gatherer population from Uganda (east central Africa). The identified genomic regions have multiple attributes that provide supporting evidence of genuine association with the pygmy phenotype, including enrichments for SNPs previously associated with stature variation in Europeans and for genes with growth hormone receptor and regulation functions. To test adaptive evolutionary hypotheses, we computed the haplotypebased integrated haplotype score (iHS) statistic and the level of population differentiation (F ST ) between the Batwa and their agricultural neighbors, the Bakiga, for each genomic SNP. Both jiHSj and F ST values were significantly higher for SNPs within the Batwa pygmy phenotype-associated regions than the remainder of the genome, a signature of polygenic adaptation. In contrast, when we expanded our analysis to include Baka rainforest hunter-gatherers from Cameroon and Gabon (west central Africa) and Nzebi and Nzime neighboring agriculturalists, we did not observe elevated jiHSj or F ST values in these genomic regions. Together, these results suggest adaptive and at least partially convergent origins of the pygmy phenotype even within Africa, supporting the hypothesis that small body size confers a selective advantage for tropical rainforest hunter-gatherers but raising questions about the antiquity of this behavior.
The evolutionary history of the human pygmy phenotype (small body size), a characteristic of African and Southeast Asian rainforest hunter-gatherers, is largely unknown. Here we use a genome-wide admixture mapping analysis to identify 16 genomic regions that are significantly associated with the pygmy phenotype in the Batwa, a rainforest hunter-gatherer population from Uganda (east central Africa). The identified genomic regions have multiple attributes that provide supporting evidence of genuine association with the pygmy phenotype, including enrichments for SNPs previously associated with stature variation in Europeans and for genes with growth hormone receptor and regulation functions. To test adaptive evolutionary hypotheses, we computed the haplotypebased integrated haplotype score (iHS) statistic and the level of population differentiation (F ST ) between the Batwa and their agricultural neighbors, the Bakiga, for each genomic SNP. Both jiHSj and F ST values were significantly higher for SNPs within the Batwa pygmy phenotype-associated regions than the remainder of the genome, a signature of polygenic adaptation. In contrast, when we expanded our analysis to include Baka rainforest hunter-gatherers from Cameroon and Gabon (west central Africa) and Nzebi and Nzime neighboring agriculturalists, we did not observe elevated jiHSj or F ST values in these genomic regions. Together, these results suggest adaptive and at least partially convergent origins of the pygmy phenotype even within Africa, supporting the hypothesis that small body size confers a selective advantage for tropical rainforest hunter-gatherers but raising questions about the antiquity of this behavior.
human evolutionary ecology | human hunter-gatherers | population genomics | convergent evolution S mall human body size, or the "pygmy" phenotype, is strongly associated with populations who have traditionally hunted and gathered for food in tropical rainforest habitats (1, 2) . The phenotype appears to have evolved independently at least twice: in both Central Africa and Southeast Asia. The likely convergence has led anthropologists to hypothesize that small body size may confer direct or indirect fitness benefits in response to one or more common ecological challenges of the tropical rainforest: (i) food limitation (1, 3) , (ii) high heat and humidity (4), (iii) forest structural density (5), (iv) high pathogen load (2, 6) , or (v) high adult mortality (7) . However, an adaptive basis for the pygmy phenotype has not been convincingly shown.
In this study, we used genome-wide SNP genotyping data and an admixture mapping design to identify genomic regions associated with the pygmy phenotype in the Batwa, a rainforest hunter-gatherer population from east central Africa. We then tested the adaptive hypothesis for the evolution of the pygmy phenotype by evaluating these regions for signatures of positive selection in the Batwa and their agriculturalist neighbors, the Bakiga. Finally, we compared SNPs from the phenotype-associated regions of the genome to those from a sample of Baka rainforest hunter-gatherers from west central Africa ( Fig. 1) to develop a comprehensive model for the evolution of the pygmy phenotype in Africa.
Results
Batwa Stature Is Positively Correlated with Genome-Wide Proportion of Bakiga Ancestry. We collected anthropometric data and DNA samples from 169 Batwa and 61 Bakiga adults ( Fig. 1 and
Significance
Tropical rainforest hunter-gatherer populations worldwide share the pygmy phenotype, or small human body size. The evolutionary history of this phenotype is largely unknown. Here we studied DNA from the Batwa, a rainforest hunter-gatherer population from east central Africa, to identify regions of the Batwa genome that underlie the pygmy phenotype. We then performed population genomic analyses to study the evolution of these regions, including comparisons with the Baka, a west central African rainforest hunter-gatherer population. We conclude that the pygmy phenotype likely arose due to positive natural selection and that it arose possibly multiple times within Africa. These results support longstanding anthropological hypotheses that small body size confers an important selective advantage for human rainforest hunter-gatherers. Dataset S1). We then used the Illumina Omni platform to genotype 1 million (1M) genome-wide SNPs for each of these individuals, of which 903,823 autosomal SNPs were included in our analyses following quality control filtering.
The Batwa hunted and gathered in Bwindi Impenetrable Forest in southwest Uganda before it became a national park in 1991, and the Bakiga were and remain their Bantu-speaking agricultural neighbors. The oral histories of both populations suggest a longterm association, including the regular trade of forest products for cultivated goods and occasional intermarriage (8, 9) . Indeed, results from a nonhierarchical clustering analysis of the SNP data implemented in the program ADMIXTURE (10) ( Fig. 2A) revealed variable but considerable levels of Bakiga ancestry among the Batwa individuals (mean = 14.2%; range = 0-93%). Conversely, the estimated levels of Batwa ancestry among the Bakiga were much lower (mean = 5.3%; range = 0-10.4%), consistent with previous findings (11) .
As expected, mean stature estimates for the Batwa (66 males, 152.9 cm; 103 females, 145.7 cm) were lower than those for the Bakiga (20 males, 165.4 cm; 41 females, 155.1 cm; Fig. 2B ). Batwa stature is significantly positively correlated with the proportion of Bakiga admixture: for males, females, and for all samples combined after regressing out the sex effect ( Fig. 2 C-E) , confirming a genetic basis for the African pygmy phenotype (6, 12) . each autosomal SNP, for all Batwa individuals. The average ancestry proportions (across all SNPs) based on our final HAPMIX data were strongly correlated with those from the ADMIXTURE analysis (r = 0.98; Fig. S1 and Dataset S1). We obtained similar results using RFMix (14) , an alternative method for local ancestry inference (Methods and Fig. S1 ). We next used a linear model to perform an admixture mapping analysis, in which we identified regions of the genome for which Batwa stature (after accounting for sex and the genomewide level of Bakiga ancestry) was significantly correlated with the level of local Bakiga ancestry (i.e., the HAPMIX estimated number of Bakiga chromosomes for a given SNP position). Although our sample size (n = 169) is far smaller than those of previous genome-wide association studies (GWAS) for stature (15) (16) (17) (18) (19) , relatively fewer, larger effect loci may underlie the Batwa pygmy phenotype compared with that for heritable stature variation within the prior GWAS populations, which would translate to substantially more power to identify associated loci with a given sample size. Specifically, if small body size was subject to positive natural selection in rainforest hunter-gatherers, then larger-effect, short-stature alleles would more likely have been maintained and increased in frequency in the Batwa, relative to populations in which stature may have been less affected by natural selection. The substantial difference between the Batwa and Bakiga mean stature estimates (12.5 cm for males and 9.4 cm for females; Fig.  2B ) also underscores the potential power of an admixture mapping approach.
Using the admixture mapping method, we identified 18 regions associated with the pygmy phenotype that passed the genome-wide level of significance at a false discovery rate (FDR) (20) of 0.25 ( Fig. 3A and Dataset S2). Most of these regions were supported by a second association method, implemented in the program GEMMA (21) , that specifically accounts for interindividual relatedness. We ranked the GEMMA P values for each genome-wide SNP from lowest to highest and found that, for 16 of our 18 admixture mapping-identified regions, at least one SNP had a GEMMA percentile rank >97% (Dataset S2). The remaining two regions (percentile ranks >90% and >92%) were excluded from most subsequent analyses.
In addition to the admixture mapping signal, these regions have three other attributes that provide supporting evidence of genuine association with the pygmy phenotype. First, by chance, we would expect to observe positive correlations between Batwa stature (ancestry and sex corrected) and the local level of Bakiga ancestry for ∼50% of associated genomic regions, because we tested for both positive and negative associations. However, these values would be positively correlated for regions truly associated with the pygmy phenotype because we expect taller individuals (after genome-wide ancestry and sex correction) to have relatively higher levels of local Bakiga ancestry. Indeed, we observed positive correlations for 15 of the 18 regions (83%) detected by our admixture mapping approach at an FDR = 0.25, a significantly higher proportion than expected based on a permutation analysis (mean = 57%; P = 0.01), 14 of the 16 regions (88%) supported by the GEMMA analysis, and a pattern of greater positive correlation enrichment among more strongly associated regions (Fig. 3B) .
Second, 4 of the 16 GEMMA-supported regions (25%) overlapped at least one SNP previously associated with stature variation in populations of European descent (n = 433 GWAS SNPs; Dataset S2; www.genome.gov/gwastudies/), whereas only an average of 1.34 regions were expected to overlap stature GWAS SNPs by chance alone (permutation analysis, P = 0.031; Fig. S2 ). The same variants are not necessarily involved in both European stature variation and the pygmy phenotype, but this result demonstrates the stature and growth functional potential of the identified regions. In contrast, similar enrichments for the 16 regions were not observed with SNPs associated with other highly polygenic phenotypes in Europeans, for example, when considering the GWAS SNP sets for IgG glycosylation (n = 699; P = 0.89), Crohn's disease (n = 210; P = 1.0), type 2 diabetes (n = 207; P = 0.44), and multiple sclerosis (n = 175; P = 1.0; Fig. S2 ). Third, 4 of the 16 regions (25%), including 3 regions that also overlapped stature GWAS SNPs, overlapped one or more genes with growth , from a permutation analysis in which admixture mapping was performed 100 times after permuting the stature estimates among individuals. Genomic regions significantly associated with stature in each permutation (always fewer than observed in the original data analysis) were stored and ultimately pooled across all of the permutations (separately for each of the three FDR cutoffs). From these pools, we drew 100 random samples of significant regions for each cutoff to match the observed number of significant regions from the original analysis and computed the proportion of regions from each random sample with positive stature-ancestry correlations. The proportion of observed regions with positive stature-ancestry correlations is significantly greater than expected based on the permutation results for the two most stringent FDR cutoffs (P < 0.01, P = 0.01, and P = 0.07 for FDR = 0.20, 0.25, and 0.30, respectively).
hormone receptor signaling or regulation of multicellular growth Gene Ontology (GO) (22) functions, which is significantly more than expected by chance (P = 0.003; Fig. S2 and Dataset S2).
Signature of Polygenic Adaptation for Pygmy Phenotype-Associated
Genomic Regions. We computed three statistics to identify potential signatures of natural selection from the Batwa and Bakiga 1M SNP data, after restricting the Batwa dataset to the 95 individuals with ≤10% overall Bakiga ancestry: (i) BayeScan q value estimates to identify SNPs with levels of Batwa-Bakiga population differentiation that exceed that expected under neutrality (23) (24) (25) , (ii) standard F ST -based estimates of the level of Batwa-Bakiga population differentiation for each autosomal SNP (26) , and (iii) integrated haplotype score (iHS), a widely used haplotype-based method (27) .
We first used a sliding window approach to identify 105 Batwa and 180 Bakiga genomic regions with average absolute iHS values that exceeded the 99th percentile of genomic windows, and 56 genomic regions significantly differentiated between Batwa and Bakiga as identified by BayeScan (Dataset S3 and Fig. S3 ). We then used Genetrail (28) to identify overrepresented Gene Ontology functions or Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among the genes that overlap these regions (Dataset S3). Only for the Batwa jiHSj windows did we observe any enrichment for genes with an obvious functional category connection to body size variation (GO:0005026; TGFβ receptor activity; P = 0.0006). However, this result was only marginally significant after accounting for multiple tests (FDR = 0.089). The most significant gene functional enrichments for the Batwa-Bakiga BayeScan highly differentiated regions were related to olfactory perception and taste transduction, similar to previous reports for other African rainforest huntergatherer populations (29) .
We next compared our results from the admixture mapping analysis to the BayeScan and iHS data. None of the 16 regions overlapped any of the 56 Batwa-Bakiga BayeScan candidate regions. Only 1 of the 16 (6.3%) pygmy phenotype-associated regions that was also supported by the GEMMA analysis overlapped any of the 105 Batwa iHS candidate regions, which is consistent with chance expectations (permutation analysis, P = 0.50). Thus, these results provide no indication that genomic regions underlying the pygmy phenotype have been subject to the type of recent, strong positive selection that is best identified by these extreme outlier approaches (i.e., a selective sweep).
However, when we simply considered the F ST and iHS values for each individual SNP, rather than considering only the most extreme outlying values, we found that Batwa-Bakiga F ST values for SNPs within the 16 pygmy phenotype-associated regions were significantly higher than those from the remainder of the genome (one-tailed Wilcoxon test, P = 1.26 × 10 −11
; Fig. 4A ; permutation analysis, P = 0.031; Fig. S2 ). Similarly, Batwa jiHSj values were also significantly higher for SNPs within the 16 regions vs. outside them (Wilcoxon test, P = 1.14 × 10 −23 ; Fig. 4A ; permutation analysis, P = 0.062; Fig. S2 ). Simulations and further analysis of the genome-wide F ST and jiHSj relationship show that concomitant F ST and jiHSj increases to the extent observed in our data are unexpected under neutrality (Figs. S4 and S5). Therefore, the F ST and iHS results combine to strongly support a history of positive selection for alleles contained within the 16 pygmy phenotype-associated regions.
Collectively, these results are consistent with a potential pattern of polygenic adaptation (30-33) on the pygmy phenotype, involving relatively small frequency shifts across multiple phenotype-associated alleles in aggregate rather than major selective sweeps on one or a few major-effect loci. We note that we use polygenic to reference multiple regions of the genome generally (30) rather than necessarily implicate the involvement of any gene coding changes in the phenotype.
Batwa-Baka Comparison Suggests Pygmy Phenotype Convergence
Within Africa. The pygmy phenotype is a characteristic of both east central and west central African rainforest hunter-gatherers, two groups that diverged ∼20-30 kya (34-37). It is unknown whether the pygmy phenotype evolved (i) once in Africa, in a common ancestor of east central and west central rainforest huntergatherers or (ii) multiple times independently within Africa, as proposed by Bahuchet based on the inference of Pleistocene rainforest refugia from paleoclimatological data (38) .
To test this hypothesis, we expanded our analysis to include 1M SNP genotype data from 74 Baka rainforest hunter-gatherers from west central Africa (Gabon and Cameroon) and 73 Nzebi and Nzime, the Bantu-speaking agriculturalist neighbors of the Baka (data originally reported in ref. 11). We computed iHS and pairwise F ST values for all populations (after excluding Baka individuals with ≥10% overall Nzebi/Nzime ancestry, to match our Batwa dataset; Fig. S6 ). We also considered our 1M SNP genotype data against stature association results from two previous genomic studies of west central African rainforest huntergatherers (6, 29) and with a set of candidate height SNPs for individuals of African descent (39) .
If the pygmy phenotype is ancestral to all African rainforest hunter-gatherers and maintains the same genetic basis in both Fig. 4A ; permutation analysis, P = 0.04; Fig. S2 ), whereas we may have expected relatively lower levels of differentiation in the 16 regions under the ancestral phenotype model (i.e., if ancestral phenotype-associated alleles had been maintained at similar frequencies in the Batwa and Baka, following population divergence). Additionally, the Baka-Nzebi/Nzime F ST values were lower, rather than higher, inside the 16 regions compared with the remainder of the genome (Wilcoxon test, P = 0.0004; Fig. 4A ; permutation analysis, P = 0.81; Fig. S6 ), in the opposite direction of the Batwa-Bakiga result. Our comparative analyses thus far have been one-sided, involving the study of pygmy phenotype-associated regions ascertained in an east central African population (the Batwa). To perform a complementary analysis, we considered data from Jarvis et al. (6) and Lachance et al. (29) , who performed genotype/stature association analyses in a sample of 57 total Baka, Bakola, and Bedzan west central African rainforest hunter-gatherers and 38-39 total Tikar and Ngumba Bantu-speaking agriculturalists. They focused on candidate SNPs from genomic regions highlighted by their initial genome-wide scans for selection and reported significant genotype/stature associations for 130 SNPs from 66 genomic regions (we assigned SNPs ≤ 50kb apart to the same region; Dataset S4). These data are not equivalent to our Batwa pygmy phenotype-associated regions, which we identified without reference to signatures of selection. Additionally, their association analyses were performed on combined rainforest hunter-gatherer and agriculturalist population samples, a study design in which population structure may be difficult to effectively control. However, if the associations reported in Jarvis et al. (6) and Lachance et al. (29) are at least enriched for alleles that do underlie the west central African pygmy phenotype, then we can still examine these regions under our comparative population framework to further assess the ancestral vs. convergent models for African pygmy phenotype origins.
Unsurprisingly, given the partially iHS-based ascertainment schemes of Jarvis et al. (6) ; Fig. 4B ; permutation analysis, P = 0.01; Fig. S2 ). In contrast, and contrary to expectations from the ancestry pygmy phenotype hypothesis, the Batwa jiHSj values within these 66 regions were similar to those across the genome (Wilcoxon test, P = 0.41; Fig. 4B ; permutation analysis, P = 0.41; Fig. S2 ). The median Baka-Nzebi/Nzime F ST value for SNPs within the 66 regions was more than double that of the remainder of the genome (Wilcoxon test, P = 2.91 × 10 −32 ; Fig. 4B ; permutation analysis, P < 0.01; Fig. S2 ). Although Batwa-Bakiga F ST values were also relatively high in these regions depending on the statistical test, the difference was not nearly of the same magnitude (Wilcoxon test, P = 0.016; Fig. 4B ; permutation analysis, P = 0.41; Fig. S2 ). The higher Batwa-Bakiga F ST values within these 66 regions are primarily accounted for by one large potential ancestral adaptation signal on chromosome 3 ( Fig. S7 ) that had been previously identified by Lachance et al. (29) . Excluding this single locus, the overall pattern of iHS and F ST results for the Jarvis et al. (6) and Lachance et al. (29) regions is in accordance with the convergent origins model for the African pygmy phenotype (Fig. S7) . In other words, regions identified as associated with the pygmy phenotype in west central and east central African rainforest hunter-gatherers are enriched for signatures of natural selection predominantly in west central African and east central African rainforest hunter-gatherers, respectively, as opposed to an ancestral signal shared by both populations.
Finally, we considered a set of 30 candidate height-associated SNPs in individuals of African descent (primarily African Americans) (39) that were also included on our 1M SNP array (Methods). We tested whether these SNPs were enriched for relatively high iHS values (absolute iHS > 2) relative to the genomic background. jiHSj values were > 2 in either the Batwa or Baka for 5 of 27 SNPs (18.5%) variable in both of these populations, more than double the proportion for SNPs across the remainder of the genome (8.3%; Fisher's exact test, P = 0.069; Fig. S8 ). In contrast, similar proportions of Bakiga or Nzebi/Nzime high jiHSj values were observed for the stature associated SNPs (10.3%) and all other SNPs (7.4%; P = 0.47). Strikingly, none of the five Batwa or Baka high jiHSj values for the African stature associated SNPs were shared across populations (three were observed in the Batwa and two in the Baka). Thus, these results further support a model of polygenic adaptation and at least partial convergence for the pygmy phenotype, consistent with our cross-population analyses of the east central and west central African pygmy phenotypeassociated regions.
Discussion
We can draw four primary conclusions from our analyses. (i) The African pygmy phenotype has a genetic basis, rather than a solely environmental one, based on the positive correlation between stature and Bakiga admixture for Batwa individuals raised in Batwa communities (Fig. 2 C-E) . These results confirm those obtained from other African rainforest hunter-gatherer populations by Becker et al. (12) and Jarvis et al. (6) and are consistent with individual case observations from Cavalli-Sforza (4).
(ii) The Batwa pygmy phenotype is likely polygenic in nature, as multiple genomic regions were highlighted by our admixture mapping analysis (Fig. 3A) . (iii) The Batwa pygmy phenotype was likely adaptive in origin, based on the elevated levels of population differentiation (F ST ) and haplotype-based signatures of selection (iHS) for SNPs within the regions identified by our admixture mapping analysis (Fig. 4) . Finally, the disparate F ST and iHS patterns between the Batwa and the Baka in these regions, along with generally converse observations for the regions reportedly associated with stature in west central African rainforest hunter-gatherers (Fig. 4) , suggest that (iv) the pygmy phenotype evolved convergently within Africa, at least in part. The possibility of an additional, ancestral component cannot be excluded, as we have certainly not yet identified the full genetic basis of the Batwa pygmy phenotype, and one of the genomic regions we did identify does have a potential ancestral adaptation signature (Fig. S7) .
These findings advance our broader understanding of rainforest hunter-gatherer evolutionary history and ecology. First, adaptive hypotheses explaining small body size have been at least partly motivated by past assumptions that the pygmy phenotype evolved convergently among both African and Southeast Asian rainforest hunter-gatherers (1). Our study suggests that the pygmy phenotype likely evolved convergently even within Africa. This result parallels a recent inference from Migliano et al. (2) that the pygmy phenotype may have also evolved at least twice in Southeast Asia based on their conclusion that small-bodied populations from the Philippines and Papua New Guinea are each genetically related more closely to neighboring agriculturalists than they are to each other.
The new support for an expanded model of convergent evolution, along with our discovery of signatures of polygenic adaptation for genomic regions associated with the Batwa pygmy phenotype, should justify and encourage expanded hypothesis testing to understand the specific selective advantage(s) of small body size in the tropical rainforest habitat. Although our results alone cannot identify the specific ecological factor(s) linked to the evolution of the pygmy phenotype, future association and evolutionary population genetic studies of metabolism, thermoregulation, mobility, immunity, or other traits could theoretically establish the contemporaneous presence of selection pressures relevant to the various adaptive origin hypotheses.
Moreover, if our inference of within-Africa convergent evolution is correct, then this means that the pygmy phenotype evolved (at least in part) more recently than ∼20-30 kya, which is the estimated time of divergence between east central and west central African rainforest hunter-gatherers (11, 34) . This insight potentially informs competing hypotheses concerning the antiquity of rainforest hunter-gatherer behavior (40, 41) . Specifically, although many anthropologists envision a long-term history of tropical rainforest hunter-gatherer behavior (42) (43) (44) (45) (46) (47) (48) (49) , the severe seasonal food limitations of this habitat (50) have led others to question whether full-time human rainforest occupation is even possible without the ability to trade for agricultural food (50) (51) (52) (53) . Ancestors of the modern Batwa and Baka might have originally inhabited ecotonal rainforest edge environments that harbor more stable food resources for hunter-gatherers, before being displaced to deeper forest habitats by the farming populations with whom they now trade (50, 52) . The absence of preserved skeletal remains of appreciable antiquity in the rainforest (54) has made it difficult to test this hypothesis.
Because the evolution of small body size may not necessarily have been restricted to full-time rainforest occupation, our results cannot directly resolve this debate. However, a relatively recent rather than ancient origin of the pygmy phenotype is at the least not inconsistent with the agriculture-dependency model for rainforest hunter-gatherer behavior, as agriculture originated in west central Africa within the last 5,000 y and then spread eastward and southward across sub-Saharan Africa (55) . Such a scenario may be perceived as unlikely, because it would require major, convergent body size reductions over only several thousand years. However, recent nonhuman studies have shown that body size may undergo substantial evolutionary change in relatively short timeframes (56, 57) . The case of rainforest hunter-gatherers could be a similar human example of this phenomenon. Combined with fine-mapping analyses to identify the specific mutations that underlie the pygmy phenotype, advances in statistical methods to precisely estimate the timing of polygenic adaptation events may let us determine whether selection for small body size alleles occurred concomitantly with the timing of the spread of agriculture across the continent. These and other studies of the evolutionary history of the pygmy phenotype would help to further our understanding of rainforest hunter-gatherer evolutionary ecology.
Methods
Population Samples. We collected anthropometric data and DNA samples from 169 Batwa (rainforest hunter-gatherer) and 61 Bakiga (Bantu-speaking agriculturalist) adults (Dataset S1). These samples were collected during one field season in 2010. The precise ages of rainforest hunter-gatherers are not always known. To ensure that only adult Batwa participated in our study, we only sampled individuals who were born before the 1991 formation of Bwindi Impenetrable Forest National Park, a time point known well to the Batwa. The DNA samples were collected from either whole blood or saliva. DNA from whole blood was extracted using the PureGene DNA extraction kit (Gentra Systems), and DNA from saliva was extracted using the Oragene DNA sample collection and extraction kit. The Batwa samples were collected in six settlements located in the surroundings of the Bwindi Impenetrable Forest in southwest Uganda. To avoid potential confusion, we note that the Batwa east central African rainforest hunter-gatherers reside in Uganda and Rwanda. These groups are distinct from the west central African huntergatherer population also referred to as the Batwa, from the Lake Ntomba and Lake Ekonda region of Western Democratic Republic of Congo. Our sample of west central Genome-Wide Genotyping. All samples were genotyped on the Illumina HumanOmni1-Quad genotyping array (Illumina). The 1M SNP genotype data for the Baka, Nzebi, and Nzime and for 40 Batwa and 40 Bakiga individuals were reported in Patin et al. (11) . Genotypes of 928,705 SNPs were called in all samples using the Illumina Genome Studio v2010. SNPs were excluded if they had a call rate <95% across all samples or if they showed a significant deviation from Hardy-Weinberg equilibrium (P < 0.001) in any of the individual populations. In total, 903,823 autosomal SNPs passed quality-control filters. For these SNPs, the average genotype concordance rate across four pairs of duplicated samples was 99.93%.
Estimation of Genome-Wide Admixture Levels. We calculated the levels of admixture of each of the hunter-gatherer individuals with their neighboring agriculturalist population using the unsupervised clustering algorithm ADMIXTURE (10) . We ran the analyses separately for east central African (i.e., Batwa and Bakiga) and west central African populations (i.e., Baka and Nzebi/Nzime) for a range of ancestral clusters: K = 2, 3, and 4. K = 2 led to the lowest mean cross-validation error rates in both cases. Because the method implemented in ADMIXTURE does not explicitly model linkage disequilibrium (LD), we tested the extent to which LD between SNPs could affect our estimates. To do so, we ran similar analyses but after pruning SNP pairs with r 2 values above predefined cutoffs ranging from 0.1 to 0.8 (by 0.1). All results were strongly correlated with r > 0.99. We therefore decided to use the results with the largest number of SNPs.
Local Ancestry Estimations. We used HAPMIX (13) to estimate the number of chromosomes with Batwa and Bakiga ancestry for each autosomal SNP for all Batwa individuals. For optimal performance, HAPMIX requires knowledge of allele frequencies from both parental populations. In our sample, most of the Batwa individuals show some degree of Bakiga ancestry, with some individuals substantially admixed (Fig. 2) . Initially, we thought that the Mbuti (another east central African rainforest hunter-gatherer population, from the Ituri forest of the Democratic Republic of Congo, with genomewide SNP genotype data available for a small population sample of individuals) (58) could serve as a good parental population for the Batwa in the HAPMIX analysis. However, the Batwa and the Mbuti are actually significantly differentiated genetically (F ST = 0.036) (11), despite their geographic proximity. Such differentiation could lead to spurious local ancestry assignments. Indeed, when using the Mbuti as a reference population in the HAPMIX analysis, the lowest proportion of Bakiga ancestry assigned to any Batwa individual was 38%, a result in clear disaccord with the ADMIXTURE results. Thus, in the absence of a true parental population for the Batwa, we performed 100 different HAPMIX analyses, each with a randomly drawn set of 20 Batwa from among the individuals with ≤10% Bakiga ancestry based on the ADMIXTURE estimate as the rainforest hunter-gatherer parental population, and computed the mean ancestry estimate for each SNP per individual. Our final estimates of the number of chromosomes with Batwa and Bakiga ancestry for each SNP were the average from the 100 analyses (the estimates for individuals with ≤10% Bakiga ancestry were based on <100 HAPMIX analyses, because those individuals were included in the parental population group in a subset of the analyses, as described above). The average ancestry proportions (across all SNPs) based on our final HAPMIX data were strongly correlated with those from the ADMIXTURE analysis (r = 0.98; Fig. S1 and Dataset S1). To further validate the accuracy of our local ancestry estimation, we used RFMix (14) , an alternative method for local ancestry inference that does not require previous knowledge of the parental population (although the method still requires a learning step from a group of putatively nonadmixed individuals). Specifically, we performed 50 different RFMix analyses, each with a randomly drawn set of 20 Batwa from among the individuals with ≤10% Bakiga ancestry. RFMix can correct phasing assignments based on inferred ancestry tracts. We performed such a phasing correction before proceeding to the forward-backward inference. Afterward, we used RFMix to predict the forward-backward estimations. The expectation-maximization algorithm was iterated four times with the reference panels dropped after the first iteration. The average ancestry proportions calculated using RFMix were strongly correlated with those from the ADMIXTURE analysis (r = 0.97), as well as with those obtained using HAPMIX (r = 0.99; Fig. S1 ), and the local ancestry estimates (per SNP) from HAPMIX and RFMix were also strongly correlated (the mean and median Pearson correlation coefficients for all individuals were 0.8 and 0.83, respectively), demonstrating that our local ancestry estimates are largely robust to the method used.
Admixture Mapping. We examined associations between stature and local ancestry estimates at every autosomal SNP by using a linear regression model in which height was regressed against local ancestry estimates while taking into account the sex and the genome-wide level of Bakiga ancestry of each of the 169 Batwa individuals. All regressions were performed using the R statistical package. Specifically, we used the following model:
Here, μ corresponds to the intercept, α ij corresponds to the effect of local proportion of Bakiga ancestry of individual i at locus j, β i corresponds to the sex of individual i, θ i represents the genome-wide average of Bakiga ancestry for individual i, and « are the residual of the model that are assumed to follow a normal distribution with mean 0 and variance σ 2 . The admixture mapping model above does not explicitly take into account the levels of relatedness among individuals, an inherent feature of small population groups such as the Batwa. Thus, to validate that the results from the model above were robust to individuals' relatedness, we performed a stature association analysis with the linear mixed models approach implemented in GEMMA (21) . For this analysis, we regressed out the sex effect and quantile transformed the residuals to a standard normal distribution to serve as the final phenotype. We then calculated the Balding-Nichols matrix using all autosomal SNPs to estimate the relatedness matrix (21, 59) . Afterward, for each locus, we fitted a linear mixed model with both local and genome-wide average admixture estimates as fixed effects and individual relatedness as random effects and calculated the corresponding P value using the software GEMMA (21, 60) . For both models, the FDR was calculated using the q value approach described by Storey et al. (20) .
Permutation Analyses. We used permutation analyses to assess the likelihood that a given number of our pygmy phenotype-associated genomic regions would overlap various GWAS SNP or functional gene datasets by chance alone. We first generated 10,000 sets of the same number of size-matched genomic regions as the actual pygmy phenotype-associated regions. To avoid centromeres and highly repetitive sequence, we masked regions of the genome with >100-kb gaps between SNPs on the 1M SNP array. Otherwise, the sizematched genomic regions for each of the 10,000 sets were randomly chosen from the autosomal genome. For each permuted set of regions, we then counted how many regions overlapped one or more of the GWAS SNPs or genes in question. The resulting distribution of the number of overlapping regions was compared with the observed number of overlaps to generate an empirical P value (Fig. S2) . GWAS SNP data from height association studies conducted in European populations (15) (16) (17) were downloaded from www. genome.gov/gwastudies/ on August 1, 2013. GO functional annotations were obtained from www.geneontology.org on July 30, 2013. We used a similar permutation scheme to analyze differences between median F ST and jiHSj values within pygmy phenotype-associated regions compared with the rest of the genome. Specifically, we created 1,000 sets of size-matched regions [separately for the 16 Batwa pygmy phenotype-associated regions identified by our admixture mapping approach and the 66 stature-associated regions for west central African rainforest hunter-gatherers reported by Jarvis et al. (6) and Lachance et al. (29) ]. For each population and population comparison, we then determined F ST and jiHSj values for SNPs within and outside each set of permuted regions. The resulting distributions of the inside-outside difference were then compared with the inside-outside differences for the actual regions to generate empirical P values (Fig. S2) .
Signatures of Selection. SNP genotypes were computationally phased using SHAPEIT2 (61), treating each chromosome independently. Following phase reconstruction, we used a modified version of the iHS statistic (62) that weighs the contribution of each individual based on its uniqueness in the entire sample. In other words, this modified iHS statistic corrects for levels of relatedness among individuals, leading to a significant increase in power to detect selective sweeps among all demographic scenarios tested (62) . iHS was calculated for each population separately on all autosomal SNPs with a minor allele frequency of at least 5%. The genetic map used was that released by the HapMap Consortium (www.hapmap.org), which is averaged across the three original HapMap populations and thus is unlikely to be influenced by selection in any individual population. We determined the ancestral state of each SNP using the Ensembl EPO pipeline, which uses sequence information from five primate species to define the most likely ancestral state (63, 64) . To identify genomic regions with extreme jiHSj values, we used a sliding-window approach. Specifically, we computed the average jiHSj on windows of the genome of 50 contiguous SNPs with an offset of 25 SNPs to the next window (62) . The average length of each window was 203,901 and 182,659 bp for the Batwa and Bakiga, respectively, which is similar to the window sizes previously used to detect signatures of positive selection in African populations using iHS (65) . In each window, we then converted the test statistic to an empirical P value based on the proportion of windows showing an average jiHSj value equal or larger to the one observed in the window being tested. We defined extreme regions as those showing P < 0.01. Extreme regions within 50 kb of each other were merged into a single region. We also used BayeScan v2.1 (23) to identify SNPs significantly more differentiated between the Batwa and the Bakiga than expected under genetic drift alone. We excluded SNPs with a global minor allele frequency below 5% and we used only Batwa individuals with ≤10% of Bakiga ancestry, as estimated with ADMIXTURE. BayeScan estimates the probability that a SNP has been under local positive selection, which is then used to calculate q values defined as the minimum FDR at which a SNP may become significant (66) . We identified highly differentiated genomic regions by using a sliding windows approach. Specifically, we considered windows of 500 kb, with an offset of 25 kb to the next window. The average number of SNPs per window was 127 (SD = 69) after discarding any window containing less than 50 SNPs. We considered a window as a candidate target for selection if the 5% quantile of the q values in the window was lower than 0.1, and we merged overlapping significant windows into larger regions. Finally, for each pair of populations, we calculated Wright's F ST for each SNP (26), with Batwa and Baka population samples that only included individuals with ≤10% ancestry of their respective Bantu-speaking agriculturalist neighbors, as estimated with ADMIXTURE.
Cross-Population Analyses of Selection and Convergent Evolution. To complement the cross-population analysis of the Batwa pygmy phenotypeassociated regions, we obtained and curated a list of 130 SNPs that Jarvis et al. (6) and Lachance et al. (29) reported to be statistically associated with stature (following correction for multiple tests) in a combined sample of west central African rainforest hunter-gatherers and Bantu-speaking agriculturalists, following their identification of candidate positive selection regions. We created a list of 66 regions from this list of 130 SNPs by grouping SNPs located within 50 kb of each other, and then adding 10 kb to each end of each resulting start and end position (e.g., such that an individual SNP not located within 50 kb of another significant SNP would be represented in a region of 20,001 bp centered around the significantly associated SNP; Dataset S4). We also analyzed a set of candidate African stature SNPs reported by N'Diaye et al. (39) . The authors of this study began with a database of European GWAS height SNPs, but then identified the tag SNPs for each locus that best reflected linkage disequilibrium patterns in Africans. Each of these SNPs was then studied for association with stature in 20,427 individuals of African descent (predominantly African Americans). Of the 78 of these SNPs for which they reported significant associations (P < 0.05), 30 were present on our 1M SNP array and variable in at least one of our four study populations. These 30 SNPs were used in our analysis. Chromosome and position BayeScan -log (q-value) 10 BayeScan Batwa vs. Bakiga results, including candidate positive selection regions . Simulations show that the observed increases in F ST values and absolute integrated haplotype score (iHS) values within the pygmy phenotype-associated regions are not expected under neutral evolution. We used the program ms (1) to perform simulations under a series of neutral demographical models that are in accordance with the known demographical history of Bantu-speaking agriculturalist and African rainforest hunter-gatherer populations. We wanted to test whether the observed increase in Batwa jiHSj values within the Batwa pygmy phenotype-associated regions was simply the result of increased F ST values within these same regions (which in itself is already supportive of a history of positive selection on these regions). To do so, we performed simulations under a series of demographical models that are in accordance with the known demographical history of Bantu-speaking agriculturalist and African rainforest hunter-gatherer populations, based on the range of values that lead to the 2% of models that best fit the genome-wide genetic diversity data for these populations, as defined by Patin et al. (2) . Specifically, we simulated two populations that split 60,000 y ago (3), followed by an expansion in the agriculturalist ancestral population 16,000-22,000 y ago (N e increase of 10-90 times) and a bottleneck in the hunter-gatherer ancestral population 7,000-22,000 y ago (N e reduction of 65-80%) (2) . Under each demographical model, we simulated 10 independent regions of 1 Mb each, with recombination and mutation rates set at 1 × 10 −8 per base pair. We sampled 50 chromosomes from each of the populations. (A) Example results, with observed correlations between F ST values between the two simulated populations for all SNPs (x axis) and absolute iHS values (y axis) for the same SNPs in the hunter-gatherer population for a simulation with a 10 times expansion in the agriculturalist ancestors beginning 20,000 y ago and a 65% reduction in N e for the hunter-gatherer group also beginning 20,000 y ago. (B) Observed correlations between F ST values and absolute iHS in both population groups under a number of other demographical parameters. Overall, although significant correlations between F ST and absolute iHS values are observed for some combinations of demographical models, the correlation estimates are remarkably small, never exceeding an r 2 of 0.0086. Such low correlation estimates are not sufficient to explain the observed increase in absolute iHS values in our real data, given the observed changes in F ST , even when considering the combination of demographical parameters leading to the strongest r 2 between simulated F ST and jiHSj values. Specifically, given the observed mean F ST difference of 0.0897 between SNPs within vs. outside the 16 pygmy phenotype-associated regions in our real data, the most extreme simulated results suggest an expected mean difference in Batwa jiHSj values of only 0.0028, which is 31 times lower than the observed result for SNPs within vs. outside the pygmy phentoype-associated regions. Thus, these simulations confidently show that under a neutral model of evolution one would not expect to observe concomitant increases in F ST and absolute iHS within the Batwa pygmy phenotype-associated regions to the extent observed in our data. . Genome-wide patterns are expected to primarily reflect demographic events, and, to a lesser degree, the effects of natural selection. We observed a significant genome-wide correlation between Batwa vs. Bakiga F ST and jiHSj values in the Batwa, albeit only explaining a very small proportion of the variance (r 2 = 0.011; P < 0.01). The association is driven principally by high-F ST SNPs, which suggests that some of the signal is likely due to natural selection rather than demography alone. . Cross-population comparison of the proportion of candidate African stature SNPs with absolute iHS > 2 relative to the remainder of the genome. We considered a set of 30 candidate height-associated SNPs for individuals of African descent that were also included on our 1 million (1M) SNP array. We tested whether these loci were enriched for high iHS values (absolute iHS > 2) relative to the genomic background. The barplots on the left show the proportion of SNPs with absolute iHS > 2 in either the Batwa or Baka for the 30 height-associated SNPs (i.e., GWAS SNPs) and the proportion observed for the remainder of the SNPs in the genome (i.e., All SNPs). The green fraction shows the proportion that is due to SNPs with jiHSj > 2 only in the Batwa, blue shows the proportion that is due to SNPs with jiHSj > 2 only in the Baka, and orange the proportion that is due to SNPs with jiHSj > 2 in both the Batwa and the Baka. The barplots on the right show similar data but for the two Bantu-speaking agricultural populations: the Bakiga and the Nzebi/Nzime.
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